INTRODUCTION
Nowadays, all-ceramic crowns represent a viable alternative to metal-ceramic restorations, offering both esthetic and biological advantages: the absence of metal frameworks provides a more natural appearance to restorations and the reduced room necessary to incorporate the prosthesis allows for a more conservative approach to dental tissues and reduced preparation trauma and associated risks (Pjetursson et al. 2007; Land & Hopp 2010; Guess et al. 2011; Wang et al. 2014; Borelli et al. 2015; Ferrari et al. 2015a; Ferrari et al. 2015b; Seydler & Schmitter 2015) .
Different materials and fabrication techniques were proposed over the last decade (Della Bona & Kelly 2008; Zarone et al. 2011; Ferrari et al. 2015b) . The choice about which ceramic system to use should be made individually for each clinical case, since to date no ceramic material is ideal for all clinical indications (Bindl et al. 2006; Conrad et al. 2007; Rosentritt et al. 2009; Manso et al. 2011; Wang et al. 2014; Ferrari et al. 2015) .
Independently from the physical and mechanical properties of the materials, damages and fractures mainly occur in posterior regions, where functional loads are higher (Kassem et al. 2010; Land & Hopp 2010; Zarone et al. 2011; Wang et al. 2014; Ferrari et al. 2015a; Ferrari et al. 2015b) . Although framework design and firing protocols were optimized, the cohesive fracture (chipping) and delamination of the veneering ceramic is the most common clinical complication, whilst core fracture was reported to be very infrequent (Della Bona & Kelly 2008; Land & Hopp 2010; Guess et al. 2011; Marchack et al. 2011; Zarone et al. 2011; Ferrari et al. 2015a; Ferrari et al. 2015b) . Consequently, fabrication strategies and techniques to eliminate the veneering ceramic were developed, till the introduction of Computer Aided Design-Computer Aided Manufacturing (CAD-CAM) monolithic materials, just like zirconia and lithium disilicate (Rojas-Vizcaya 2011; Beuer et al. 2012 ). Furthermore, monolithic restorations offer the advantages of reduced production times and improved cost-effectiveness (Beuer et al. 2009; Wittneben et al. 2009; Miyazaki & Hotta 2011; Zarone et al. 2011; Wang et al. 2014; Ferrari et al. 2015a; Seydler & Schmitter 2015) .
The use of densely sintered Yttria-stabilized Tetragonal Zirconia Polycrystals (Y-TZP) onto both natural teeth and implants became more and more widespread because of its optimal mechanical properties, biocompatibility, esthetics and low wear of the antagonist dentition (Conrad et al. 2007; Zarone et al. 2011; Mormann et al. 2013; Park et al. 2014; Wang et al. 2014; Ferrari et al. 2015b ). Furthermore, the inherent phase transformation toughening mechanism that results in superior fracture resistance seems to limit micro-crack propagation during function (Zarone et al. 2011; Ferrari et al. 2015b) .
Although the mechanical properties of zirconia exceed those of many metals, the manufacturersÕ guidelines suggest a minimum core thickness of 0.5 mm to avoid fractures (Conrad et al. 2007; Zarone et al. 2011; Wang et al. 2014; Ferrari et al. 2014; Ferrari et al. 2015a; Ferrari et al. 2015b; Lan et al. 2015; Nakamura et al. 2015; Nordhal et al. 2015) .
To date, very few laboratory data about the mechanical predictability of monolithic zirconia crowns are available in the literature, particularly for very thin restorations (Beuer et al. 2009; Choi et al. 2012; Schmitter et al. 2012) , as well as the validation of their clinical performances in the oral environment (Sailer et al. 2009; Marchack et al. 2011; Ferrari et al. 2015a) . Previous in vitro investigations showed that monolithic zirconia SCs exhibited fracture loads higher than those of layered zirconia restorations (Dhima et al. 2013; Sun et al. 2014; Lan et al. 2015) . Recently, an in vitro analysis reported that monolithic zirconia crowns with an occlusal thickness of 0.5 mm showed sufficient fracture resistance to withstand occlusal loads in the molar regions (Nakamura et al. 2015) . Nonetheless, a minimum recommended thickness for monolithic zirconia SCs validated by scientific data has not been established yet and there is no consensus on how thin the crowns can be made. Moreover, data are lacking on to what extent the reduced thickness of monolithic Y-TZP copings affect the fracture strength. Consequently, it is paramount to prove a minimum thickness to guarantee the load bearing capacity of the restorations under occlusal loads (Lan et al. 2015) .
The present in vitro study aimed at comparing the fracture resistance and mode of failure of CAD-CAM monolithic zirconia single crowns (SCs) with different occlusal thickness cemented onto human molars.
The null hypotheses stated that there was no association between the occlusal thickness and either the fracture resistance [1] and the mode of failure [2] of CAD-CAM monolithic zirconia SCs.
MATERIALS AND METHODS
Forty extracted human maxillary third molars were used for the study. Teeth with caries and/or previous restorations were excluded; only sound teeth with similar (±1 mm) (Salameh et al. 2007 ) bucco-lingual, mesio-distal and corono-apical dimensions were included in the study. Dental plaque, calculus and external debris were removed with an ultrasonic scaler. In order to simulate the oral environment, the teeth were stored in an incubator at 37¡C in 90% relative humidity until the execution of the mechanical tests.
Each tooth was embedded in a block of self-curing acrylic resin (Caulk Orthodontic Resin, Dentsply caulk, Milford, DE, USA) surrounded by a stainless steel cylinder with the long axis perpendicular to the base of the block, leaving 1 mm of the root exposed. In order to dissipate the heat generated during the polymerization of the resin, the specimens were continuously moistened with water spray. A thin layer of polyvinylsiloxane impression material (Flexitime, Heraeus Kulzer, Hanau, germany) was applied on dental roots to simulate the periodontal ligament (Sorrentino et al. 2007 ).
Each tooth was covered with a powder for digital scanning (Cerec Optispray, Sirona Dental, Salzburg, Austria) and three-dimensionally (3D) scanned by means of a laboratory optical digital scanner (GC Aadva Lab Scan, GC, Tokyo, Japan). The 3D shape of each tooth was digitized, so as to use it for the fabrication of CAD-CAM monolithic crowns.
Standardized tooth preparations were performed with high-speed diamond rotary cutting burs under constant water cooling, according to the following geometry: 1 mm axial reduction, 0.7 peripheral rounded minichamfer shoulder placed 0.5 mm above the cemento-enamel junction, 12¡ of total occlusal convergence; all preparation angles were rounded. The 40 molars were randomly divided into 4 groups of 10 specimens each and different occlusal thickness preparation were performed as follows: 2.0 mm (group 1), 1.5 mm (group 2), 1.0 mm (group 3) and 0.5 mm (group 4).
As previously described, each abutment tooth was scanned and digitized and 40 monolithic zirconia SCs were designed by means of a dedicated CAD software (Exocad DentalCAD, Exocad GmbH, Darmstadt, Germany) according to the original shape of each tooth. The monolithic zirconia restorations of group 1, 2, 3 and 4 presented with an occlusal thickness of 2.0, 1.5, 1.0 and 0.5 mm respectively. A cement layer of 70 µm and 50 µm was simulated at level of the intaglio surface and of the minichamfer shoulder respectively.
The internal surface of each crown was sandblasted with 50 µm Al 2 O 3 powder at 1 bar.
The SCs were cleaned with steam for 60 sec. A dual-cure self-adhesive universal resin cement (G-Cem LinkAce, GC, Tokyo, Japan) was used to lute the restorations. The crowns were seated onto the abutment teeth with finger pressure and then 5 kilograms were applied onto each crown for 5 min by means of a dedicated cementation appliance.
Cement excess was removed with a microbrush and each surface was light-cured for 40 sec with a LED curing unit (Elipar S10, 3M ESPE, Seefeld, Germany). A layer of glycerin gel was applied on the margin of each crown to block oxygen inhibition and polymerization was completed for 40 sec on each surface.
A universal loading machine (Triaxial Tester T400 Digital, Controls srl, Cernusco, Italy) was used to statically load the specimens. Load to fracture was performed using a 1.0 mm stainless steel hemispherical tip placed in the occlusal fossa. The experimental load was applied at a crosshead speed of 1 mm/min in a direction parallel to the longitudinal axis of the tooth. All samples were loaded until fracture and the maximum breaking loads were recorded in Newtons (N) by a computer (Digimax Plus, Controls srl, Cernusco, Italy) connected to the loading machine. The failure mode was visually evaluated using a stereomicroscope at 10x magnification (Zeiss OpMi1, Zeiss, Oberkochen, Germany); and in case of fracture, the fracture pattern was examined using a scanning electron microscope (Jeol, Tokyo, Japan).
The recorded data were statistically analyzed with a dedicated software (SPSS 13.0, SPSS Inc., Chicago, IL, USA). The Kolmogorov-Smirnov test was used to verify the normality of data distribution. The fracture values were analyzed with the one-way ANOVA followed by the Kruskal-Wallis on ranks test for multiple comparisons. For all the statistical tests, the level of significance was set at p=0.05.
RESULTS
The highest fracture resistance values were reported in group 1 while the lowest were noticed in group 4 ( Table 1 ).
All the crowns showed cohesive microcracks of the zirconia core in the occlusal region, particularly at level of the load application area; only 1 crown in group 4 was interested by a complete fracture.
No statistically significant differences between groups were evidenced either for the fracture strength (p>0.05) and the failure mode (p>0.05) ( Table 2) .
DISCUSSION
The present in vitro study analyzed the fracture resistance and mode of failure of molar CAD-CAM monolithic zirconia SCs with occlusal thicknesses ranging between 0.5 and 2.0 mm. According to the results of the present investigation, both the null hypotheses were accepted, since there were no statistically significant differences in the fracture resistance In the present study, the survival rate of molar CAD-CAM monolithic zirconia SCs was 100% in the experimental groups 1, 2 and 3 and 90% in group 4. Only 1 crown in group 4 showed a complete core failure, while all the other specimens showed cohesive microcracks of the occlusal surfaces at level of the load application area. From a clinical viewpoint, the cohesive occlusal microcracks have to be considered repairable, since they could be polished intraorally without impairing function.
Although the CAD step of the production requires time and expertise of the operator, the fabrication of monolithic crowns is less complex and time-consuming than that of conventional veneered restorations, since the layering and firing procedures are eliminated at all (Seydler & Schmitter 2015) . Moreover, the purely CAD-CAM fabrication allows to keep files over time, making it possible to produce identical crowns if necessary, such as in case of clinical complications or failures (Ferrari et al. 2015b ).
The geometry and thickness of all-ceramic crowns influence the fracture strength of restorations (Ferrari et al. 2014; Sun et al. 2014) . Although most investigations reported that thicker zirconia copings showed higher fracture strength (Kim et al. 2012 ) and doubling the monolithic zirconia core from 0.6 to 1.5 mm increased the fracture resistance of the restorative system threefold (Sun et al. 2014 ), a recent in vitro analysis demonstrated that an occlusal thickness of 0.5 mm allowed monolithic zirconia crowns to withstand occlusal forces in the molar areas (Nakamura et al. 2015) .
Several studies reported higher flexural strength of monolithic to veneered zirconia (Zhang et al. 2013; Sun et al. 2014) . Veneering ceramic represents the weak link of all kinds of prosthetic crowns; moreover, monolithic restorations fabricated by CAD-CAM techniques exhibited less flaws than manual or heat pressing veneered crowns (Sun et al. 2014 ).
Load to fracture was applied using a 1.0 mm stainless steel hemispherical tip, so as to fit in the fossae of anatomically shaped crowns (Yoshinari & Derand 1994; Nordhal et al 2015) .
The recorded fracture values of all the experimental groups exceeded both the physiological (50-250 N) and parafunctional (500-900 N) occlusal loads in molar regions (Kampe, 1987; Kiliaridis et al. 1993; Waltimo & Kononen, 1995; Ferrario et al., 2004) ; thus, monolithic zirconia crowns showed sufficient fracture strength and stiffness for use in posterior areas (Seydler & Schmitter 2015) . In accordance with previous investigations (Nordhal et al. 2015) , the results of the present analysis suggested the possibility to reduce crown thickness when fabricating monolithic Y-TZP crowns, reducing the invasiveness of the preparation and saving a valuable amount of dental tissues (Nordhal et al. 2015) . However, it is not possible to apply laboratory information directly to clinical recommendations, since the clinical scenario is never completely simulated in in vitro tests (Anusavice et al. 2007) . As a consequence, the results of the present investigation have to be validated clinically since only a static perpendicular force was simulated.
In the present investigation, it was decided to lute the monolithic zirconia crowns onto natural teeth to simulate a real clinical situation, shaping the zirconia cores anatomically and performing correct adhesive cementation procedures; the use of metal samples with standardized geometry would act as a confounder in relation to the conditions of the oral environment.
Although the increase in fracture resistance of zirconia by means of adhesive cementation was never clearly demonstrated and the use of conventional cements is a valid option (Vult von Steyern et al. 2006; Bindl et al. 2006; Rosentritt et al. 2009; Manso et al. 2011; ) , in this study the monolithic zirconia crowns were luted with a dual-cure self-adhesive universal resin cement. This choice was due to the simplification of cementation procedures allowed by self-adhesive resin cements; the self-cure mode ensures optimal polymerization and the phosphate monomers contained in these cements were proved to guarantee a valid bonding durability both to enamel and dentin and to zirconia surface (Magne et al. 2015) .
It was reported that adhesive bonding significantly increased fracture strength and improved marginal seal of all-ceramic crowns (Blatz et al. 2008; Borges et al. 2009; Lu et al. 2013; Kern 2015) . Furthermore, restorative adhesive complexes should form a ÒmonoblockÓ to ensure long-lasting restorations (Schwartz & Robbins, 2004; Tay & Pashley, 2007) . It can be speculated that the above reported characteristics of the selfadhesive resin cement in combination with careful luting procedures could enable the formation of such an adhesive monoblock, letting the cement act as an elastic stress adsorber and compensating for the stiffness of the zirconia core. This could strengthen the restorative system, allowing to dissipate the occlusal loads on the entire intaglio surface of the crowns.
CONCLUSIONS
Within the limitations of the present in vitro study, the following conclusions can be drawn:
-the occlusal thickness of CAD-CAM monolithic zirconia crowns did not influence either the fracture resistance and the mode of failure of the restorations; -the occlusal thickness of CAD-CAM monolithic zirconia crowns can be reduced up to a lower bound of 0.5 mm keeping a sufficient strength to withstand occlusal loads; -CAD-CAM monolithic zirconia crowns showed sufficient fracture resistance to be used in molar regions, even in a thin configuration (0.5 mm).
Further clinical investigations will be necessary to validate the results of the present study under functional loading. 
